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Abstract 


Two schemes of four-wave mixing oscillators with nondegencraU: 
pomps are proposed for above -t hr e eho Id generation of squeezed l ight 
with nonzero mean-field amplitudes. Noise and correlation properties 
and optical spectra of squeezed- light beams generated in these 
schemes are discussed. 


1. Introduction 

The squeezed light generated to date has been in the main either 
squeezed vacuum or squeezed light with an extremely small mean field 
amplitude - Therefore there is much current interest in searching of 
new schemes to generate squeezed light with a large coherent compo 
nent of the field. 

In this report we would like to present some nonlinear optical 
schemes for generation of intense squeezed light with nonzero mean 
amplitude- Thit type of coherent squeezed state light is c«*i.Led 
sometimes bright squeezed light. 

One of the important schemes for the generation of squeezed 
light, realized experimentally, is based the process of nondegene 
rate four-wave mixing (FWM) in a cavity. In this process an intense 
pump field with frequency o> (for certainty) interacts via a nonli- 
near* medium with two modes of radiated field with frequencies • ^ , 

c*> , such that 2o:> — ►<*> +u> _ 

2 0 12 

In contrast with this standard scheme of FWM, we propose to con 
sider the process of PWM under the pumping by two laser fields of 
different frequencies ov , . As a result of coupling in nonlinear 
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medium, a pair of photons of two pump fields , «.■ t rant* Form to a 
pair of photons of spontaneous ly generated signal field with d«.ger»<; 
rate frequency to , such that uo — t-'Ju . 

O 12 0 

We study two different four- wave mixi ng configure t ions . The f ir:;t, 
of them (see Fig.l.) consists of a nonlinear medium in a ring cavity, 
which couples two monochromatic copropagating pump beams of di.i‘io •• 
rent colors (frequencies u> , io< ) with an intracavi ty signal mode at. 
the half -sum frequency «. -(« ho )/2. We consider the case of npontu 
neous excitation of a single cavity resonant mode. ho we have 
deal ing with a nearly col l inear wave-vector matching condition 
k + £ ^-2k . 

ip o 



Fig.l. Scheme of the double- color -pumped FWM oscillator with a 
single cavity-mode excitation. 

In the first part of our report (see Section 2) we shall present 
the results, related to the configuration of Fig.l. At the beginning 
of this part we would like to describe briefly some of the below 
threshold results [1,2]. 


2.1. Squeezing of the central line of the resonance fluorescence 

in a bichromatic field in a cavity 

We consider an ensemble of two— level atoms interacting in an op- 
tical cavity with a bichromatic pump field and with a cavity mode of 
radiation field. This pump field is treated classically and chosen 
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in the fol Lowing form 

r -i )t -'?M- -i (u> S K-. 

l-(t) £ (j Re [_e ” + e u j . (1) 

It contains two components with equal amplitudes E^/'Z . , relative 

phftBfe 2/P and f requencies ©'ymmetTically detuned from the 

ri t owi i c t v a n« i t ion f requonc y w . 

o 

We have calculated the cavity-output intensity in the process of 
resonance fluorescence [II. At this we do not require the execution 
of any phase-matching conditions. The result for the inelastic part 
of the intensity is shown in Fig. 2 as a function of the detuning of 
the cavity resonance frequency o> from the atomic transition fre- 

C 

niency us . The curve is plotted for particular values of the pump 
intensity parameter Z -2 V /& and parameters r/<?, 6 /y ( V is the matrix 
element of the dipole transition, & is the atomic absorption coef- 
ficient, y is the atomic spontaneous wight, r is the cavity decay 
rate ) 

j-ouf 

2 


1 
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Fig. 2. Cavity output intensity versus (u> -us )/y ; £=5, &/r- 6, 

c O' 

r/c-o, i. 

* 

We see that the intensity consist of a series of peaks with a 
constant spacing £ . They are symmetrically located about a central 
peak, coinciding with the atomic transition frequency us^ . This in- 
tensity spectrum was experimentally studied by Y.Zhu et al. [3] for 
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two- level- like Ba atoms driven by two strong, equal -amplitude fields 
with frequency separation 2 6 . Note that the results ot our calcula- 
tions are in agreement with the experimental curves. 

Let us turn now to the results, re 1 a ted to the quantum fluctua- 
tions in the process of FWM. We consider a generation of the mode 
with frequency equal "to the resonance fluorescence central Line 
o> =(u> -ho ) /2. The calculation of the quadrature- phase fluctuations 

O 1 2 ' 

show that this u> -mode is excited in a squeezed state. '1’he optimal 

o 

value of the squeezing spectrum S (cc ) is realized at zero f requency 
and the maximal squeezing may reach 3b%. The dependence of the quan- 
tity S <co=0) on the pump intensity parameter l ~2K A> is plotted in 

mtr» 

Fig. 3 [23. 




0 ) *>> 


Fig- 3. Peak squeezing -S' (0) versus Z for r/r^-0-1 - (a), 

r/&=Q„Ql - (b) - The squeezing is absent for values of f , 
for which the probabilities of one and twin c<> 0 -photon 
radiation processes cancell each other. 


In order to interpret this result, note that the excitation of 

the co- -mode in a cavity is caused by a nonlinear spontaneous process 
o 

of two— photon radiation by an atom in a bichromatic field. In a low 
order of interaction it may be represented by the following graphs 
(see Fig. 4). It is essential that there is a strong pair correlation 
between the photons of frequency <*> o . This correlation has a super 
bunching behavior and manifests itself in the reduction of quadratu- 
re fluctuations below the shot-noise level . 
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Fig. 4. I]. lustration of the process of two-photon absorption at 
frequencies o> =c<> ±6 of the pump fields with the 

1,2 O 

emission of two photons at frequently a» o ={w +w )/2. 


2.2. Above threshold results in a parametric model of FWM 
in the presence of phase modulation 


Now we consider a simple parametric model of four-wave mixing 
under bi chromatic pumping in order to obtain the squeezing results 
above the generation threshold. In our analysis we include the ef- 
fects of self -phase modulation and cross-phase modulation. 

We describe the nonlinear medium phenomenologically by the third 
order susceptibility x' 3 ' . So we start from the following Hamilto- 
nian 


H — ho> a 

C 


a + 


hi 

2 


2 A A 
a EE 

i 2 
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4 a a 
4 


+ h^f|E i \ 2 +\K 2 | 2 ] a + a + (a + r -K>r ) „ ( 2 ) 

where a h ,a are creation and annihilation operators of the intracavi- 
ty mode, w is the cavity resonant frequency. The second term in 

C 

Eq.(2) describes the four -wave interaction with coupling constant x , 
proportional to x <3 ' . The third and forth term describe the self- 
phase modulation and cross— phase modulation. The fifth term accounts 
for the coupling of the cavity mode with reservoir, which will give 
rise to the cavity damping constant r . The quantities E^, E arc the 
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complex amplitudes of the pump fields at frequencies At no 

arly coliinear phase matching condition these pump fields generate 
an intracavity signal mode with frequency ('•** u*\ f )/'/. . In this con- 
figuration the pump fields travel through the medium only once. no 
it is possible to neglect the pump depletion and treat f ^ as a 


fixed constants- 

With use of standard methods, we obtain the following different! 
al equations for the stochastic amplitude of the si gnu l mode . : 


di 

dt 
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where 


is the cavity detuning parameter. The noise ferm ^ 


(4) 


has the following correlator 

<*„<»>*„<'■ » = - [ e , e 2 * \ -*• > 

Note that without the phase modulation terms equations of motion 

would he the same as for the degenerate parametric osc i i I a tor and 
degenerate four-wave mixing l>e low threshold. The novel features and 
results in our system are connected with the incorporation of. the 
seLf -phase modulation term. This term results in the above threshold 
generation of the signal field. Let us consider the stable steady 
state solution for the output intensity. It is equal to 
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In Fig. 5 we plot the normalized output intensity as a function of 
the parameter £ Z -E 2 j - /,> for the case of equal ampl i tudes of the pump 
fields i E 1 I = I e 2 i - £ - 

The zero intensity solution is stable below the generation thro 

2 2 2 2 
shold at £ <£ and well above -threshold at & >£ , where 

A " 



The nonzero -intensity solution given by Kq. (b) is stable in the re- 
gion 1 <£ 2 2 and have a meaning for o less than ^3. We see that a 
® .22 
bistable behaviour of the output is realized in the region 1 <s <*" A - 

Now let us turn out to the problem of squeezing. The spectrum of 
the output field above threshold is obtained in a standard line- 
arized treatment of quantum fluctuations. Curves for squeezing spec- 
tra S(o>) versus co /,- and the spectral value -V (u> t ) at the points ol. 
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Output intensity of the iWM oscillator vcriuus the intern 
si by of ■the pump fields: A/> - h . 



2 

(dotted line) and £ =4.8 (solid line); (b) dependence oi 

2 

the quantity S (c<- ) on £ for- A/v b. 

opi 


It should be noted that the experimental measurement of the noise 

on the qudrature component in a similar FWM configuration has been 

carried out by D. Grande lement et al [4 1 . They did not fi nd the squo 

ezed noise reduction. Ibis is not so surprising because, as follows 

from our analysis, squeezing is realised for properly chosen values 

2 

of parameters A/v and *■ . 
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3, Irrtracuvi ty parametric FWM with nondegcriera to pump?:. 

Above -threshold results on bright squeezing of the three 

intracavity modes 

This part of our report is devoted to the results on bright sque- 
ezing in the configuration of FWM, where the two laser driving 
fields propagate in the direction of the cavity axis (see K ig . 7 ) . 
These driving fields feed two infracavity pump modes at the froquon 
cies o:> u> 2 . The pump modes generate a signal mode at their hal f sum 

frequency lo* _{u> +<*> )/2 and the wave vector matching condition are 
executed exactly (k *k ). So the configuration of FWM with tree 

l 2 O 

iritracavity resonant modes of frequencies <-o and iu realized. 



Fig. 7, Scheme of the double -color- pumped FWM oscil lator with 
three intracavity modes o> (o> -n» . 

1 2 O 12 O 

In this configuration the effects of mutual influence of the pump 
and signal modes are essential. So we take into account the pump 
depletion. The consideration is simplified however in that we ignore 
the phase modulation terms . 

Note that the advantages of this scheme of FWM, as compared to 
the standard nondegenerate FWM with a single pump mode, are caused 
by the following. As shown below the effect of phase diffusion is 
absent here. As a result, the output field for each of the three 
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modes have nonzero mean amplitudes with a definite phases. 

Thus we start from the following Hamiltonian 
2 

\ 1 + v f 42 4- 4- >0 

H - \ hu> a a 4 - i h £ \a a a - a a a I 4- 

/_ , J 3 } 2 L i 2 o 1 2 oj 

J * ° 

r “‘V + » ‘V 

+ / l k ® ° k “ k * ° k 

k = 1 j = O 

As compared -to -the previous model, now we lake into account the 
quantization of the pump modes and incorporate: (i ) the coupling of 
the pump modes with two external coherent driving fields of amplitu- 
des E ^ , E 2 and (ii ) the decay of the three cavity modes due to the 
coupling with reservoirs. 

With use of standard methods, a Fokker— Planck equation in positi- 
ve P — representation for the system is found, from which stochastic 
differential equations for the complex field amplitudes are ob- 
tained 

a (t ) = — y a +■ ya cx c* + 4- R (t ) 
o' 7 r oo 120 o'' 

n ± (t ) = - ya j - ^ + EexpC i-4> ± ) + R ± ( f ) (8) 

c« 2 (*) = - r<* 2 ~ ^ X a o a * + Eex P(^ 2 ) + R z ^ 

Here r o , Y=Y ± are the damping constants for the modes <*> o and o> ± , 

» 2 respectively, E is the amplitude of the driving fields 

E^ 2 =Eexp(i^ ) , and 4 > ± , 4> 2 are arbitrary phases of the driving 
fields. R. are Gaussian noise terms with the following nonzero cor— 

i 

relations 

<R o {t)R o (t‘ )> = *0.^6 (t-t' ), <RJt)R 2 (f )> = - | **6(*-T ). (9) 

In order to analyze the quantum fluctuations of the modes we ap- 
ply a linearized treatment of fluctuations about the stable steady— 
state solutions. It is worth noting that, as opposed to the standard 
scheme of FWM, for the present system there exist three types of 
stable steady-state solutions. They correspond to the three possible 
regimes of oscillation: one below the generation threshold E<E and 
two different above-threshold regimes at E^<E<2E t and E<2E t . The 

i/2 

threshold value of the amplitude E 1 b E^= =y 


] + ZZ C a t r i * a , r t] 


( 7 ) 
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The results for the cavity-output intensities N { in photon 
number unite per unit time) for the modes o> in the above; Idiresho \ d 
regime are following. In the region 1<*“<2 {z^E/E ) we have { b , 8 ) : 


.N 


O . . _ cut _ out 

— iv \ ■ 




o 


and in the region ^>2: 



( 1 0 . a ) 


4,v v y 

N .° ut _ £. - - 

O } ' 1 2 A- 

The steady-state phases y' of 
above threshold and equal to 



■ o 

the 


three 


modes are 


( 10 . h) 
del i ned 




i 


u j =*/> , w --{(}> +<P )/2 

2 2 O i 2 


( 11 ) 


So, they are determined by the phases of the dr i ving f ie Ids; i ^ . 


Squeezing spectra above thresho Id 

We calculate the quadrature fluctuation variance for all the 
three intracavity modes and corresponding squeezing spectra for the; 
cavity-output fields. We would like to point out at once that an 
effective squeezing occurs for each of the three modes above thre- 
shold £5,6]. This is an extx^emeiy interesting feature of the double- 
color -pumped FWM oscillator. 

The maximal squeezing is realized for the phase of the local 

oscillator equal to S> ^ +— and is determined by the fluctuations of 

3 3 Z 

phase variables 

S (u> ) - 1 + 8 yn <6y/ (~a<)6y> (co)> , (12) 

3 3 3 3 

where « is the intracavity steady-state photon number of the 

3 

u> -mode . 

3 

Examples of the curves of the squeezing spectrum for the signal 
mode are plotted in Fig. 8 for different values of parameters and 

rr cA- 

Our analysis show that a noise reduction below the shot noise le- 
vel may reach approximately 100% in the whole above-- threshold region 
£>1 and for r > 1 0 . The higher Y /y the better the squeezing. However, 
the intensity of this field is limited by the value -N -~4 Y t> Y / x . Gone 
ration of more intense light in the squeezed state occurs at the 
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pump field frequencies. The corresponding output intensities grow 
with increase of the incident fields. However the maximal squeezing 
may reach approximately f>0% for certain values of the ratio ;• />• . 

O' 



Fig. 8. Squeezing spectrum -S' (o > ) versus L0 /i' a ' ^=1- 1, (solid 

line); £—4, r -10 - (dotted line). 

We restrict ourselves by representation of the squeezing spectrum 
s .. . ) at the points of minima o>=c<> . The dependence of this 

1,2 opt opt 

quantity on the parameter >• is plotted in Fig. 9. 



Fig. 9, Dependence of the quantity S (a- ) on r ; (l) £-2.2, 

1,2 C'f't 

(2) e-2.1 (3) * -6. 

Thus we find that the double -color- pumped FVJM oscillators is 
extremely promising for the above- threshold generation of one-mode 
bright squeezed light. 
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Sub shot, -noise correlations of bright .squeezed l ight beams 


Now we shall, present the result, s on the sub shot noise correlati- 
ons in the above -threshold regime. We consider the correlations be- 
tween both the intensities and the phases of the interacting modes. 

In the well-known processes of nondegenerate KWM and parametric 
down— conversion, the photons of two generated modes a re created in 
pairs and a positive correlation <d« £>n >>0 between the photon num 
ber fluctuations of these modes occurs, it results in the reduction 
of quantum fluctuations below the shot-noise level in the intensity 
difference of the modes. This phenomena has been observed for the 
first time in intracavity nondegenerate parametric oscillator by 
A.Heidmann et al [7]. 

In our nonlinear system we have found another manifestation of 
such an effect. It consists of the reduction of quantum noise in the 
intensity sum of the pump modes [81. The explanation ot this phono 
mena is following- The photons of two pump modes are annihilated in 
pdirs and the pump modes acquire correlated statist ical propert ie»>, 
which are characteristic for two -photon absorption. As a result, the 
correlation between initially uncorrelated coherent pump fields bo 
comes negative <ion 6h^ >< 0. And this fact results in t.he suh shot- 
noise fluctuations in the intensity sum of the cavity output beams. 
We shall not dwell on the particular quantitative results. Note only 
that the maximal noise reduction may reach approximately 100% in the 
limit — P-2 , when the pump depletion is maximal . 

A more interesting feature of our FWM configuration in connected 
with the correlations between the phases of t.he pump modes. They are 
studied in terms of the quadrature phase operators, as appi ied ho 
the twin homodying experimental measurements . 

In general the variance of the sum or difference of the quadratic 
re component operator 


12 ' 1 9 2 y 



■-i< : A i 

r/e A a o 


( 13) 


contains the contributions from both the intensity and phase varia 
ble fluctuations of the modes. 

In our system we can select properly the phases ot the local os 
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oil Inters -Hid to get the variance as expressed in terms of the phase 
f \ uetu.-j t, ions only. The result can he written as follows 


( V' 5 ±V > 2 ) > 


(1-4) 


Note, that such a possibility do not exist in parametric processes 

with phase diffusion effect. The nonclassical correlations between 

( t ) 

the phase f l actuations are manifested in the variance V 

i 2 

in our system the variance of the phase difference fluctuations 
is negative (in positive P -representation) 


I >!' V ’ ) 

i 2 


(Ki<2) 


(lb) 


and so we obtain a reduction of quantum fluctuations below the shot, 
noise level in the difference of the quadrature phases: P r <2. 

A simple analytical result is obtained also for the measured 
cavity output fields. The corresponding spectrum of the quadrature 
phase difference fluctuations in the region 1<^ <2 is following 

-*> ^ ^ (lo)/S - 1 r 4r <o y * (-to)Sw («)> 4- 4 i-n<Sw ( -o> }&u< (b»)> - 

12 ' v; hot 1 1 2 2 


- 8^nRe<6y/ i (™to.)6v> 2 (a.)> = 1 - 2 4( ^ 1} 2 (16) 

£ +(w/j" ) 

We see that the noise reduction up to 100% is possible in the limit 
£—*■2. at zero frequency. In the region £ >2 the shape of the spectrum 
is complicated arid the noise level is increased. 

Final ly we present some results concerning the optical spectra of 
the cavity- output squeezed light. We consider the intensity spectra 
of each of the three nonclassical light beams around the frequencies 
(.7-0, 1,2). These spectra contain a delta- function peak correspon- 
ding to coherent part of radiation and a broadened noncoherent part. 
'Hie broadened parts of spectra are caused by the quantum fluctuati- 
ons of the field. In the lowest order in quantum fluctuations they 
contain two contributions, arising from the temporal correlations of 
the phase arid intensity fluctuations <6n (t+r )Sn (t ) > , 

) ,i 

<*y'At-+r )6v' (f ) > . Depending on the contribution strength, a two- or 
four- peaked structure of noncoherent part of spectra arise in the 
case of oscillating character of these correlations. 

An example of four-peaked spectrum for the pump field is repre- 
sented in Fig. 10. Here the one pair of the peaks is caused by the 
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phase fluctuations and the other one - by the intensity flue tun t \ 
ons. The fact, that is interesting here, is the separation in lr<?qu 
ency of these two contributions- So it seems to be pens ibie to inter 
the i nformat ion about the phase fluctuations from the usual option] 
spectrum . 



Fig. 10. The noncoherent part of the intensity spectrum oi the 
pump mode ^ - 2 . 2 , r - 0 . Ob 
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